I 



t 

* 



nry 



Vaval P °stgra ( Jnate School 
California 






Cambridge, Vassachusetts 
January 16, 1948 



Professor J. S. Newell 
Secretary of the Faculty 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 

Dear Sir: 



In accordance with the requirements for the Degree of 
Vaster of Science in Naval Construction and Engineering, we subnd 
herewith a thesis entitled "Radiant Heat TransTdsaion iron Cases 
in Tubes". 



Respectfully, 



SADIAUT H3AT TRANSMISSION FROU CASES l A TUBES 



fey 



r E33ri3x c. jOTCKseisR 

Lieutenant tf.S.C.C. 

Graduate, H.S. Coast Guard Actdeay 
1942 



ROBERT A. ADAMS 
Lieutenant (J.g.) U.^.C.O. 
Graduate, U.* 1 . Coaat Guard ^.cadeay 
1943 



Submitted in Partial Fulfillment of the 
Requirements for the Degree of 
MASTER OF SCESWC3 IN NAVAL CONSTRUCTION AND ENGINEERING 

from the 

Massachusetts Institute of Technology 
194R 






p 








A<;OK) : jLSDGUBNT 



The authors sh to express their appreciation for the help 
and advice of Professor P. C. Hcttol under whose supervision 



this investigation made 




TABLE OP CONTENTS 



« 

/ 



!7.r: 



IW, < ,T 2 

xr«T’:;r/Ucrior! 6 

PROCaDUPS b 

’iET'I T“ 14 

DlSC'J.IStOK OF FSSULTS 35 

CONCLUSIONS AND HECC*£i31O«Tl0H 5/ ( 36 

fTPeSDTX 38 

DETAILS OF I-RGCSDURS AND SAiF L5 39 

CALCULATIONS 

D.’.Tt t*a CAL CTJUTICHS • 51 

BlHLIOCR/rHT 52 



1 



M. — :Ci. 



r.b 



A Area of surface in scuare feet. 

a dimensionless factor to allow for interchange between gas tube 
surfaces expressed in terms ofe'3, A's, oc 's, sight factors. 

L beam lengths for gas radiatipn, feet. 

r Partial pressure of gas in atmospheres, ? c for carbon dioxide, 
for water vapor, Pg total pressure of gas 

q hate of heat transfer by radiation; Btu per hour. 

1 Absolute temperature; Aankine; Fahrenheit absolute ( 46 O + degrees 
Fahrenheit) ; l s of surface; !> of gas; l'p £ a3 ^5 ^ £ as out i 
i 5 _p surface at gas inlet; i go surface at gas outlet. 

t lemperature, degrees Fahrenheit; for subscripts see T. 

'FLEK 



cc absorptivity, dimensionless. 

€ ajuissivity, dimensionless. 

<y Limensionless conotant in otcfan-Boltzmann law. 



> 



SULTRY 



A method ie {.resented for obtaining an estimate of the average 
radiant heat transfer rate from gaseous carbon dioxide and water vapor 
in steady flow through long thin tubes which is brief and of sufficient 
accuracy for engineering use. 

Recommendations are based on calculations of the true average heat 

< 

transfer rate under the following conditions: 

(a) there is no axial heat exchange, 

(b) there is complete normal mixing of the gases, 

(c) radiation is the only mechanism of heat transmission 
present . 

The true average heat transfer rate was calculated from, the basic 
data on emissivities of carbon dioxide and water vapor according to 
Egbert and Hottel (3). Three methods of calculating the average heat 
transfer r&to were selected and compared with tho true average for a 
wide range of conditions. From these the method best suited for adap- 
tation to engineering use was chosen. Since correlation of all the 
variables entering was impossible a systematic elimination of these 

i 

variables was effected in such a lcanner as to maintain the error so 
introduced to a minimum. 

The final result of tho calculation is the recommendation for use 
of a geometric mean method for calculating tho average radiant heat 
transfer rate in ono step together with a correction to be applied to 
the results of this method. A correction curve is givon in figure l-\ 
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for a gas temperature change of 1000°F. Figure I-B gives a multiplier 
to be used for gfi8 temperature changes other than 1000°F. 

The geometric mean aethod is defined from the equation 



(q/A)ave 




ave 



< 



3 ave is calculated at the arithmetic mean gas and surface temper- 



atures. 





ave is taken as the 



geometric mean of the inl^t and 

I 



outlet values of this quantity. 

The range of possible error in calculating the average heat trans- 
fer by this method is presented for four arithmetic mean gas temperature* 
in figure II. The symmetry of these bands about zero showe the recom- 
mended corroction curve to be a good average for all possible conditions. 
Th9 amount of error possible in the use of the recoerended method is 
low in the range of idgh temperature industrial application*. It ie 
excessive, however, for arithmetic mean gas temperatures ae low as 1500°F 
together with gas temperature changes of 15C0°F. When the diffeience 
between gas and surface temperatures is less than 500°F the aethod is no 
longer applicable. 

The limiting conditions on which recommendations have been based, 
of a long thin tube and of no heat transmission by convection, do not 
exist perfectly in any practical application. They do appear in many 
applications to a near approximation. The extent to which the tpproxi- 
mation may be made depends on the particular situation and the designers 
judgement . 
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FIGURE I-A 

RECOMMENDED CORRECTION FOR AVERAGE VALUES OF 
q/A FROM GEOMETRIC MEAN METHOD FOR t,-t =1000* F 





FIGURE I-B 




0 500 1000 1500 




PERCENT ERROR 





FIGURE II 

BANDS OF POSSIBLE ERROR IN AVERAGE VALUE OF q/k FROti GEOMETRIC MEAN METHOD AND RECOMMENDED CORRECTION 





mnoDUcncN 



The calculation of averse radiant heat transfer from hot gases 
flowing through a tube is a rather long, tedious process, and one that 
i3 frecuently encountered in the design of heat transfer equipment. 
Therefore |iny simplification of this problem that does not sacrifice 
the accuracy of the results would be desirable. 

The radiant heat transfer relation at a point is expressed by a 
fourth power eouution c/Ad“*-^(T F ^ -T s ^). Data for the solution of 
this equation i3 available in a paper by i-gbert and Hot tel (3) in 
which the calculation of gas emisoivity and absorptivity is discussed. 
To evaluate the average radiant heat transfer this equotion must be 
solved on a point to point basis, calculating the emissivity and ab- 
sorptivity of the gas at a number of points along the range desired, 
and integrating to get the average radiant heat transfer. 

•i tneoretical approach to a reduction of the work involved in 
this calculation was n&de by Kottel (l) in which he offered a loga- 
rithmic mean of gas and surface temperatures for the evaluation of 
an average gas temperature which will permit calculation of the av- 
erage radiant heat transfer in one step. Eberhardt and Hottel(2J 
took the case of u billet reheat furnace and combined empirical da- 
U and theoretical investigation to develop a simpler relationship 
for the calculation of radiunt host transfer. A pseudo emissivity 
w- s defii ed and a geometric mean of the terminal fourth power dif- 
ferences co.-bined with it to form tnis sinu lified relationsnij for 
the calculation of the average heat transfer. 



i 
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This thesis is concerned with the theoretical appro.' ch to tne 

solution of average radiant heat trans-Tiission from gases in a tube. 
a point to point calculation nas been made along a ion;; tain cube, 
and the true average radiant neat transfer obtained by an integration 
of these points. Ihree types of means are used to evaluate the fourth 
power temperature differences. The average radiant neat transfer 
calculated in this nanner is compared to the true value and the best 
mean chosen. The necessary correction curves have been nude for 
this tyi e of mean and a curve of error drmvn to demonstrate the li- 
mits of this method 0 
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r?osw R5 

3y direct calculation based on the exiasivities of water vapor end 
carbon dictxide as presented by Fgbert and Hottel (3) there is obtained 
the average heat transfer rate from gaces in steady flew through a tube 
to the tube wall. Two general condition* are imposed to define the 
problem: 

a. The tube shall have a length to diaraetor ratio of infinity 

which permits the assumptions of no axial heat exchange and complete 
mixing of the gases nomal to the axis of flow. { 

b. The radiant heat transfer to tube walla shall be controlling, 
neglecting convection effects froa gases to tube and conduction effects 
along the tube. 

Following this, the average heat transfer rats ie obtained by three 
different methods .;hich are ai proximtiens only. Values obtained iri thie 
manner are compared with the true average to determine if any one of the 
methods is usable 5n engineering calculations. 

Radiant heat exchange from a body of hot gas to the oold heat re- 
ceiving surface is calculated from the fourth power temperature differ- 
ence law and froa consideration of the gas composition, sice and con- 
figuration of the gas body and surface conditions. It may bo expressed 
by the equation 




in which J~ , as developed by Kottel (4), allow* for all of these con- 
siderations. To simplify the calculation of 7 certain specific condi- 
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uition3 <ere imposed: 

a. 1 

b. The entire surface of the tube is heat receiving. 

c. Die wniasivity of water vapor is calculated without correction 
for its partial pressure. 

Thct tern; 3 now becomes 




The average heat transfer rate ovor a span of g.s temperature from 
from 

(q/A)ava = 



Tl to T2 is found from 



T - T 
T 1 l 2 



dT 

a & 

In order to obtain this a vflr«£e heat trios for r; to the heal transfer 
is calculated at several points between .and T. and its re<|iproc 1 is 
plotted a.-ninst gaa temperature tp. The integral is evaluated 5y the 

trapetoidol rule for integrating areas. 

Such a irethod of estimatin'; as is presented here requires that the 
baeie on which the reco-jmendations are "•ad* be as all inclusive aa is 



✓ 
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practical. 'ccordi cgly the following values of variables were chosen 
and th-3 avorare boat transfer was calculated for all possible combina- 
tions of tnese, tie only liieitstions being the rnn»e cf the charts of 
g ao a-'J.ssivit is*, a'd the re ul rcient that gas te-T. crat'ire exceed 



U t>rface ts'f.r •sratur « . 

Faria blue: 

Z PL = 2.0, 0.20, 0.C6 



t = 100°P, 1500°F, 0.8 t - 400 

s r 

t - t 2 = 500, 100, 1500 

^ fc 2 =■ 800°? to 3300°F 
2 



The last variable, the arithmetic T.ean gas temperature, wao used 
*s the abciosa for these plots. 

The three methods of computing an average value of the heat trans- 
fer rate are: 

a. Oeontotric re an uethod 



(q A 0" )-we 






fcYtt 



3" ava is calculated at the arithmetic roan gaa and surface toaiper- 



^turcs , 





b. trithnetic mean nothod 

(a_Atf )ave J nve *^P,we - ^»,avs ) ^ I 

(.\ 100 / ' 100 / J 
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3* av3 is calculated at the arithmetic mean t?us and rurf ace 
temperatures 

T. ave = arithmetic mean gas? temperature 
T g ave - arithmetic mean surface temperature 



o« fop; mean .method 

(q/Acr)ave = ave 



T ave 4 



T ave 4 

•j 



100 100 J 

~£avQ is calculated at the {•rlthaetic mean surface temperature, 

t_ ave oi-d at t p ave =■ t aveelog mean temperature difference between 
e, r t s, 

gas and surface 



T~ a vo =» t avo + 460 

• j ‘i 

T avo = t ave + 460 

3 , 

A comparison of thsse r.eans "ray accomplished by evaluating the 
correction r.ecsar rjr tc make the average heat transfix- rate from the 
method erual to the true rate. These corrections Tore plotted against 
the nr it! j otic • esn gas terperaturo for each method, all surface tesp- 
e.Mture conditions, t, - t - 10C0°F, £?L ?.0 and each value of the 

j 2 

water fraction, — -I , (figures III, IV, V). 

V 'r 

Curves for each surfaco temperature condition were independent 
of each otter uixi a correlation was impossible. The curves for dif- 
ferent surface temperatures fell inost cloaely together at each value 
of the water fractiozi for the geometric mean method. Accordingly this 
method r as chosen for further development. 

Curves of correction versus arithmetic mean gas temperature were 
plotted for all combinations of the variables for the geooetric mean 
method, (figures TI-TIV). Average curvee were drawn to represent all 
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surface taew-erature condition? and at each combination of jfciL and 

w>ter fraction were forced to cross the abcisan at the same arithmetic 

uean gas temperature for ell three values of t^ - t 3 . 

The ratios cf the ordinates of these three average curves were 

averaged to ciaks ti c ratio independent of gas temperature. The average 

curve for t, - t - 1000 was held fixed and the other two average curves 

, 12 ’* 

' Corrected for the average ratio. In turn the ratios: so obtained were 
ji-ain averaged t.o make them independent of water fraction, (figure XVII). 

The average correction carves for ~ ^2 ~ WQre plotted to- 

fctler for each is’ L, (figure XV), and since no correlation was pos- 
sible ar. ivera^e was drawn throtp-h each group, new independent <|f surface 
teraper'ture and water fraction. / 

Finally these curves of average correction ratio vcr3us (t-^ - t^), 
(figure XTII), and. of average correction for t^ - t^- 1C00, (figure XVI), 
were examinee 1 froa; consideration of their usefulness sud accuracy. 

Again it wag cecidcd that the slight loss of accuracy incurred by aver- 
aging the results to this point was necessary tc avoid interpolation 
difficulties in the use of the curves. Average curves were again faired 

through each set to produce one recommended correction curve for 

t { 

t, - t -1000 and cne recocrcended curve of ratio of correction at any 
1 2 

(ti - tj) to the correction at t^ - = 1000, (figures I- A, I-B). 

In ellrinating the variables £FL, water fraction, and surface temp- 
erature by such averaging ae has boon done to this t>olnt considerable 
error nay be introduced into the average heat transfer rate. This has 

been studied and the actual error plotted for all combinations of the 
variables and lor arithmetic nomn gas temperatures of 1500, 2000, 2500, 
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and 30G0 °? f (figures X7III-XXI). To make such a plot useful the 
bands of possible error are lifted and presented nith the rscc-tcendod 
correction curves, (figure II). 
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RESULTS 



Tha results of tho calculations are presented in figures I-.\, 
I-B, and II on j a*>os 3 and It -.nd in figures III through XXI on the 
following pages. 

Figures I-A, I-B, ar.d II are the final recorimeri-jed correction 

curves to be used in calculating an average heat transfer rate by 

the geometric mean nethod and the bands of error possible in such 

a calculation. Pigurss III through XXI ara the correction curves 

t 



and error plots which lead to the recoartendations 
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FIGURE IV 
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FIGURE V 

CORRECTION FOR AVERAGE VALUE OF q/A 
FROM LOG, ARITHMETIC, AND GEOMETRIC MEAN METHODS 
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FIGUFE . IX 

CORRECTION FOR AVERAGE VALUE 
OF q/A FOR GEOMETRIC MEAN METHOD 
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FIGURE XVI 

CORRECTION TO AVERAGE VALUE OF q/A FROM 
GEOMETRIC MEAN METHOD INDEPENDENT OF t s AND— El 

t r t a =1000°F 
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DISCUS 10:. OF KSSoLTS 



l'he curves of figures III, IV, end V which compare trie cor- 
rection to be applied to the average heat transfer rate obtained 
from the three methods investigated show that the geometric mean 
method permits elimination of surface temperature as a variable 
with introduction of the least error in the heat transfer rate. 

At this point it is possible to observe the error in the cal- 
culation. Faired curves arawn to represent one surface temperature 
condition do not puss througn all the computed points. The devia- 
tion of a point from its associated curve is a measure then of the 
error of calculation. Ihe percent error is very nearly eoual to 
this difference in percent correction, and thus nay be observed by 
reference to figures III through alV. ihe maximum calculation 
error is % and the average value is . 

having determined the trend of tne true correction curves re- 

* 

tuired fer use of the geometric mean method at several surface 
temperatures, an average correction curve is drawn to permit the 
elimination of surface temperature as a Variable. Ihe average 
curve for U - t-, - 1000 is seen to be a good representation of 

tne se.erai curves for different surface temperature conditions. 

/ n exception is necessary for tne case v/here the difference between 
gas and surface temperatures is less than 500° r . The average curves 
for tp -tg r !>D0 and for t, - t ^ 1J>00 are not in all cases the best 
ref resentation of the several curves for differont surface temperature 
They are derived from tho eorres, onding average curve for t^ - t - 
1000 and from tho aver ge ordinate ratios 0 4van in figure XVII. 



w 



In order to further simplify the correction curves for engin- 
eering use all tne correction curves hove been finally a\erared into 
tea recoa-iiCnUed curves, one for z 100'J and one to convert 

this curve for any Vc.iue of t^ - tj* (figures I-/* and I-b; <> Ihe re-, 
commended values have been plotted back v.ith the true corrections on 

figures VI through XIV. They are seen to represent the true correc- 

* 

Lions well at high gas tempe natures but poorly when low gas teeper- f 
atures sre combined vitn high values of t-^ - t 2 » ( 

Tne v>oont of error that is incurred from use of the geometric 
T.e^n method ~nd the recorcncr.ded correction curves plotted as bands ^ 
of possible error in figure 11 is seen to be roasoi^bly symmetrical 
about ?ero for 3ll values of t^ - tp. Ibis degree of symmetry sub- 
stantiates the recommended curves as being a good mean of corrections 
for any condition that may be imposed. 

’Ihe conditions imposed of unit tube surface eaissivity and 10J£ 
heat receiving surface s lould not alfect the character of tne recom- 
mended met loas of calculating lua average heat transfer rate. Li*ewi 
neglecting the correction for j-artial pressure of water vajor snould hjive 
no effect on une recommendations. 
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CChCLU'IOXS AND ra^fl^KCATICHS 

It is practical to calculate the average radiant heat transfer rate 
fro>r. gaseous carbon dioxide and water vujor flowing through a long thin 
tube by usa c“' the geometric mean method and the reco.Ti;ended correo ^ion 
curves, figures I -a and I-B. "uch a calculation will involve a possible 
error in the order of 5/S cr less for the most frequent range of indus- 
trial radiant hs3t transfer. The bands of possible error should bo con- 
sulted by the designer, however, so that he may know what degree of 
accuracy he can sxpeet from U3e of the recommended method. limitation 
is placed on the r.ethod that it shall not be employed whan the difference 
between gas and surface temperatures is lo3s than 500°F. 

Whether or not the conditions for no axial heat exchange and for 
complete nomal Mixing are sufficiently satisfied in a particular case is 
a subject which must rest in the hands of the designer. The condition 
that the effect of convection heat transfer is considered negligible will 
hold with varying degreea of accuracy depending on the situation. Con- 
vection heat transfer Independently of the radiant heat transfer, and 
finally superimposing ths convection upon the radiant heat transfer, ^eu 
convection is an appreciable fraction of the total boat transfer a ax»re 
rigorous solution will be necessary and the use of the geometrical mean 
method of predicting the radiant heat tr&nefor cannot be recommended. 



} 

qq 



APPENDIX 

1 

DETAILS) PBOC3DOKS AND SA35PLS CALCULATIONS 

The detailed procedure of calculation is given bolor toother 
with saaple calculations for each stop. 



U 



Case: P>j = 1 atmosphere 

i. PL ".2.0 foot atmospheres 



P„+ P. 



= 0.5 



t = 100 r , constant 

mi 

£ s = 1 

= 1000°F 



1. Calculate the heat transfer et a point. 



tp = 2500°? 

t - 100 °? 

& 

V = F <* 



T f = 29G0 F 
T g = 560°F 
P^L + P C L » 2.0 



PL = P r L = 1.0 ft. at*. 

JS v 



Values of 0 sd.ssir.it 7 are found from the chrrto for rater vapor 
and carbon dioxide (3) neglecting Vio con*ction for P u * 

5 C> Tp = .116 

6 '»> Ty, ? v - 0 = * 145 



Ty 



=-".048 



213 



40 



T c T 

" = -l—r = .169 =. 1 x .189 = .169 

Tp 



T F ~ 2900 



6 *» T 5 , PcL xls = - 085 

?v 

* 

“ f ^' 5 * 28 (-?-) = ( S . 28 )*^ 2.94 

S ' s / 



«=C c — , T fl , PpL x Tg (■sr*) " x 2 *^ = • ^ 



~ V~. 

?j X s y 



** = *», T s , 0 






GJte 



G, a 



= .328 
= -.018 

= .500 



("IOq) " 29 *00 4 - 768 x 10 

oy 4 = 

(loo) = 5,60 4= * 983 x 10 

°*G, o(^£-) 4 = 

Vigo/ 



£q ( T F ] 4 = .'213 x 7 68 x 10 5 = 164 x 10 5 



T - X4 = .560 x .083 x 10 5 - .550 x 10 5 



cjk<r = II. 4 - °<g, s Za_ 4 

100 7 100 

= (1G4 - .550) x 10 3 = 165 x 10 5 
~r^ = .00610 x 10“ 5 

Similarly other points are calculated and plotted against gns 
temperature aa shown In figure XXII. 



2. Calculate the true average heat transfer aver a length of 



tube there the gas temperature varies a given amount. 
The average value of q/l<f is given b y 



(q/lrf) 



T - T 

T, 



ave 






'ka- 



li he integral nay be evaluated by plotting versus Tp. 

Ordinates are then picked off at 100 degree intervals and summed. 



t 2 = 1000 °F 


2 


*F 


* 10 


1660 


16.5 


1750 


14.0 


1850 


12.3 


1950 


10.8 


2050 


9.6 


2150 


8.6 


2250 


7.7 


2550 


7.0 


2450 


6.4 


2550 


5»9- 



98.6 



(q /u> OT .ria^an5a. 

*■ tjk<s 



12 -6 = 101 x 10 ! 

98.8 x 10 0 



Other points are calculated in the same manner. They are plotted 



against t ho arithmetic mean gas temperature in f igure XXIII as a 
check for accuracy.' 



(q/A<r) aV e x 10 ~ 5 
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S« Calculate the average beet transfer by the geometric Bern 
Method. 



(q/A<T) = $ [&- N j - (Sl\ 

J ave ave (J^LOO/ V 100 /- 



ave 



y 

'-J t 



ave 

V 

100 / 



is calculated at 



Vi 



‘ - M 



=. geometric mean of inlet and 



ave 



outlet values. 



C ase: fcj-tg = 1000 f 



= 2600 F 



' t = 1600 °F 
2 



hill ~ 2100 °F 
2 



T x = 2060 F abs 
Tg = 2060 °F abs 



t_. ^ t_ = 100 °F T sl = Tgo = 560 W F abs 



£U 30 

From plot of step 1 pick off 



l/(q M = 9*10 x 10- 6 at r 2 10Q °F 

2 

q/Ad= 110 x 10 5 

T F, ave ~ » 25GO °P •* 



pjggttJ r 25. 60 4 = 429 x 10 5 
T 8, ave = 560 ° F afc3 

[“^ioo 22 / 1 = 5 * G ° 4 = * 983 x 1q! 



ave = 



ajk<r 



(■&ujraj 

\ 100 / 



>■ .TCj 4 -/' ^. w l* «8xi0 



.-HU. 



100 



‘J 4 



iff 



.257 
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zX s4 

(i§) 

^T, \ 4 /T 



075 x 10' 



~ 1 x 10' 



(loo) 4= a>-6 4 = la X 10 ! 



- 1 x 10‘ 



&r- fer ■ 

r&r- ( 



074 x 10' 



fe ) 4 

af-ar — - 



i 4 ) 



WO j'J ave” ]/ [(jfe) 4 ' [(iot) 4 ' (loo)^) 

- y~(874 x 10 3 ) (160 x 10^0 



- 397 x 10 

( °- ^ [(So) 4 ' (loo)] av. 

= .257 x 3 97 x 10 5 ~ 102 x 10 5 

Similarly othe r values of (q/A<f) are calculated by this method 

&VG 

and are plotted with the true v aluo of (c; /A<f) aT0 a® ® check for 
accuracy, figure XXIII# 



4 . C alculate the average heat transfer by the arithmetic mc;?n 
saethod. 



- (%fj 



(q/A<T) J (ILlS!®) 

w 'ave ^ nv o|^\i00 / 

j^ave i® calculated at tp >ave rnd t s>ave 

t, 



Case: 



.ave 



t x -t 2 = 1000 F 



f t «i + ^30 

3,avo = 2 



hilt = 2100 °F 



n 

Fro* curvo of step 1 at ?100 °F pick off = .00910 x 10 

(q/A<r) ave = = HO x 10 3 

S i m i larly other values of (a/Atf) a vp ere calculated by thic method 



and are plotted v.ith the true average ac a check for accuracy 



5. Calculate the average heat transfer by the log neen aethod 
for the case of step 2. 



= 7 r 


(Tr.flvc^ / 




J are [ 


' ibo ' v 


s, | 00 / J 



? av* i3 wilted at ty >aT# end t e>JlT# 
“ 5 , are 



t t t 

t m ^=* si so t p?fnr(1 t ^ log mean At 



t^t z - 1000 F 
2600 °F 



t = 100 F 

W . _ . 



t£ V 



tg - 1600°F 
tgi - 100 °F 



s,are 

£_= 2100 °F 



Atx = 2500 *F 

iitj^-Atg * 1000° F 
A \ 



At g ' 1500°F 



A *1 



1 2500 1.67 



1500 



In 






£15 



At, 



A t , At l- at 2 . JtflSL » 19® 

In At! ‘ .51! 

Otj 



V, 



^t -I- At - 100 + 1950 - 2050 F 

*i«TO * 



Fro* curve of stef* 1 pick off 



(o/A<r 



.00960 x 10 at tp- 2050 °F 



(q/A^) aT ^'- 1/ .00960 x 10 - 104 x 10' 3 
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Similarly other values of (q/A<r) aye are calculated by this 
method end plotted *dth tho true average as a check for accuracy. 

6. Calculate the percent correction for the average value of 
(c/iff) froa the three methods. 

(l* %C/100) (q/A c ) aVe# * (q/A<r)ave, true 

gcAoo-. -1 

iv. /^ave f aethod 

Case: True (q/ A )*y* ~ 101 x 10 5 '<J" ( step C) 

j 

Geometric mean aethod (q/A) QTe - 10? x 10«cr (step 5) 

%C = 100 (101/102 - 1) - -l.Q* 

3 f 

Arithmetic aeen aethod (q/A^aya - 110 x 10° (step 4) 

%c -- 100 (101/110 - l) = -8.2 % 

Log nean aethod (c/A<r) a y e * 104 x 10 (step 5) 

$C - 100 (101/104 - 1) - -2.3 % 

7. Evaluate the recommended ratio of correction at any value of 
(tj-tg) to correction ct (tj-tg) - 1000 °F for (q/A) aTe from the geometric 

mean method. j 

Plot against (t^+ tgJ/^Al values of percent correction at one 
and one ? w /(P c t ? s i for the desired value of (tx-tg) and for (t^-tj)=1000°F, 
figure V 11 



!• 
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Fair a curve throu.^fa points representin' &ech surface teaperatur* 
condition* Fair the best average curve through these curves for each 

forcing the average curves to go through zero at the some (t^t^/2. 
(Shoen only for (t^-tg) - 1000°F(figure V&) Calculate ratios of 
ordinates at the sase (tj+tg)/2 and take the arithoetic average of 
the ratios. 

Siailarly find this average ratio for other values of Pv/(P C + P 
at the sane 1PL. 

Find arithmetic average of this correction ratio for all values 
of f-t/i?* P„) at each I PI,. 

Again average these arl that© ti colly for the :eco*aecded ratio* 

Case: I PL - 2.0 V (p c ,p . ) -“°- £ 



(Vtg)/2 


#1000 


5000 


1.5 


2800 


1.4 


2600 


1.0 


2400 


.4 


2500 


0 


2200 


-0.5 


2000 


-1.5 


1000 


-2.7 



$^1000 eT# 



#1500 


#1500 

&1000 


1.8 


1.2 


2.2 


1.6 


1.7 


1.7 


.7 


1.6 


0 


— 


-0.7 


1.4 


-2.5 


1.7 


-4.5 

= 13-0 = 1.6 
7 


-±t 



V( p c*P =0 . # 3LgXL 

JtCjooO aT ® 



-- 1.7 



Vfr.M* 1 * 0 -giaafl, 

* C 1J300 **« 



= 1.5 



1 PL ’ 2.0 #1500 = 1.0 

#1000 1 
l 



2PL = 2.0 



1.6 



( sea figure 1711) 



i.e 

2.1 

1*8 * (a«e figure I-B) 

8. Evaluate rocoozendei correction curve for (tj-tg) = 1000 °F. 
Plot average correction curves for one f ?L and all value* of 

/(P^ ? K ) together and average their ordinates, figure IV. 

Case: 2 PL = 2.0 (tj+t 2 )/2 = 2100 °7 

P_ AV p w> 0 °« 5 1 Ave 

—2.5 -0.4 -0.5 '—1.1 

Plot the resulting averago correction cuives for ell £PL*s 
together. and average their ordinates. 

Case: = 2L00°F 

*FL 2.0 0.20 0.0G Ave 

%C -1.1 -0.1 0.5 -0.2 

This final average curve is plotted ns the reconaended correction 
curve, figure I-A. 

s 

9. Calculate the percent error in ( q/A) fron the geoaetric 
Clean method and the recoaaaaded correction. 



iFL = 0.20 
£PL - 0.06 
Re coan ended 



%50Q 
^ C 1000 ave 

#1500 
#1000 CV0 

#1S00 

#1500 
#1000 aTe 



are 



50 



fiS _ (tl/A) &ye, recommended ~ ( c i /*)ave, true 
100 ' (^)ave, true 

«ethod r(l^SR>- 

(^eve, method ^ 



Cjg 6* ^tru® ■* % ( otsp 6) 

^^recommended = ~®* 9 *■ (s^^P *0 

*E * 100 (^?4 - A-yPjAQQ - = -0.6/0.99 - -0.8 % 

1 (-1.0A00) 

(see figure X¥III) 

Plot the error for r.ll combinations studied at several representative 
temperatures and present the bands of possible error, figure II. 



I 



4 



1 



$ 

I 

af T vnn 

DATA *!iT C'-J-Cl’LiTICNa 

AU csiicul&tio.ta of gr-s amiaaivi ty and ^bcorrtivity are based 
on tne recoaviendaticns of Mottel and '-^bert ( 2 ) who • resent Ast* 
on tho jDntosivities of *ator vapor srvd vc^troon dicxJria to/etiier with 
allowances for their Mutual interference when mixed. 

The calculations supporting t,h« results are contained in two 
books, miich are in the custody of Professor H. C. ! : ottel at 
t>ans?chu3etts Institute of Technology. 
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